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ABSTRACT
Shape memory materials have been widely used as programmable soft matter for developing multifunctional
hybrid actuators. Several challenges of fabrication and effective modeling of these soft actuating systems
can be addressed by implementing novel 3D printing techniques and simulations to aid the designer. In
this study, the temperature dependent recovery of an embedded U-shape shape memory alloy (SMA) and
shape fixity of the 3D printed shape memory polymer (SMP) matrix is exploited to create a bi-state shape
memory composite (SMC) soft actuator. Electrical heating methods is provided for SMA to achieve the bi-
state condition by undergoing phase transformation to U-shape in the rubbery phase and a flat shape in the
glassy phase of the SMP. A COMSOL Multiphysics model is proposed to predict the deformation and recovery
of the SMC by leveraging the in-built SMA constitutive relations and user-defined material subroutine for
SMP. The bi-state actuation model is validated by capturing the mid-point displacement of 80mm length
x 10mm width x 2mm thick 3D printed SMC. The viability of the SMC as a periodic actuator in terms of
shape recovery is addressed with the help of COMSOL simulation and validated through experiment. Results
from the simulation shows that the proposed COMSOL model is in good agreement with the experiment. In
addition, the effect of varying the volume ratio of SMA wire in SMC on maximum and recovered deflection
is also obtained. A model workflow in COMSOL Multiphysics to devise SMC actuators is presented here to
facilitate future designs in soft robotics and wearable technology applications.
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Smart materials responding to an external stimuli can fabricate smart devices for application ranging from
wearable technology to self-folding aerospace structures [1–3]. Extensive research in robotics is carried out
to utilize such devices to address the common challenges faced by rigid robots like adaptable locomotion
within complex environment and safe interaction with human beings [4]. The emergence of soft robotics at
the intersection of smart materials, synthetic biology, and artificial intelligence addresses these challenges
by drawing inspiration from biological organisms [5]. The structural design of biological organisms is com-
posed of soft materials co-emerged with synchronized neuromechanical control. In order to develop robots
mimicking such organisms, flexible actuation to deliver continuous deformation and embodiment of stiffness
modulation through environmental interaction are essential [6]. The advent of additive manufacturing tech-
nologies, progress in material science, and numerous simulation softwares supports the fabrication of such
multi-scale complex metamaterial structures.
Multitude of smart actuators including pneumatic, magnetic, light-induced liquid crystalline elastomers
, dielectric elastomer actuator, Shape Memory Polymer (SMP), and Shape Memory Alloy (SMA) have been
utilised to mimic the periodic motion of soft bodied biological organisms [4, 7]. Most of the fluidic, pneumatic
or hydraulic, actuated robots can achieve a rapid locomotion cycle with regulated driving pressure and higher
payload with lower fabrication complexity [8, 9]. The presence of control components i.e., bulky fluid reservoir
and tethered power supply, inhibits multi-scale applications. Soft composites fabricated with magnetic field
and light induced actuation demonstrated contactless untethered locomotion by navigating tight spaces
[10, 11]. Nevertheless, these types of designs have intricate material manufacturing process and actuation
methods which are constrained by specific external stimulus. The dielectric elastomer actuator promises
different morphologies of actuations at micro-scale level implementation with high frequency response [12,
13]. Although these actuator segments carry high power density, these are often accompanied by complex
fabrication techniques and high operating voltages.
Thermal or electro-active shape memory materials are widely used to circumvent the problem of man-
ufacturing complexity, high operating voltage and bulky on-board electronics. Additionally, abundance of
thermo-mechanical constitutive relations for SMA and SMP in the literature [14–18] with numerical im-
plementation in Finite Element Analysis (FEA) strengthens the design and control of such actuators. The
intrinsic property of variable stiffness and large strain recovery of SMP makes it an ideal monolithic structural
material, but serves as an inefficient actuator due to low thermal and electrical conductivity and recovery
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stress. The electrical actuation or ohmic stimuli response, uniform heat transfer and recovery force of SMP
can be enhanced by dispersing porous carbon nanotubes sponge in the SMP matrix to realize periodic ac-
tuation [19]. Adding to the involved complex fabrication, the heat transfer in such composites degrades
with an increase in thickness and cooling time expands for lower operating voltage. Additive manufacturing
techniques introduced layer-by-layer programming of SMP material for fused deposition modeling (FDM) as
filaments, selective laser sintering as powders, stereolithography as digital photomaterial. The 3D printing
extrusion process of the SMP causes prestrains that triggers a geometric transformation within the structure
with a visible shape change in the presence of appropriate stimuli. The resulting structure with an added
time dimension for shape change is called a 4D printed active structure and the corresponding fabrication
technique is called as 4D printing [20]. Self-folding 4D printed structures of SMP have been obtained by
studying the thermo-mechanics and effects of extrusion parameters like nozzle temperature and scanning
speed [21]. Two way expandable and contractable stent like structures were fabricated by having collection
of 4D printed beam units arranged in planar and tubular configuration [22]. In 4D printing, it is useful to
study the effects of printing parameters on composites’ behavior. The fabrication temperature and layer
thickness largely influences the recovery characteristics of filament-based carbon nanotubes infused SMP
composites under Joule heating methods [23]. In order to facilitate the design of such complex structures,
numerical study and material testing are performed to examine their agreement with experimental data
[21–24].
The commercial availability of SMA actuators in versatile shapes and sizes attracts wide range of robot
design with rapid fabrication techniques. Many of these actuators are one-way in nature and possess hys-
teretic behavior which makes them difficult to control. Radial or axial contractile motion of SMA coil
actuators are often used in Origami-inspired robots, and have been used to achieve periodic locomotion from
a light-weight monolithic structure. The antagonistic flexure joint [25] and passive stiffness offered by the
connecting polymer segment [26] drives the relaxation of actuated SMA coils. Soft robots like Softworms
[27] and GoQBot [28] utilize sequentially activated SMA wires present in the anterior-posterior segments
of the soft monolithic structure to achieve crawling and ballistic rolling locomotion respectively. Robots
embedded with multiple SMA wires placed intricately along the longitudinal and transverse sections of the
body demonstrates turning movements with complex activation cycle [29, 30]. Some soft robotic designs
considered curved structures with a relaxed state SMA in order to achieve higher energy efficiency of actu-
ation for locomotion. For instance, agile untethered multimodal soft robots were fabricated with U-shaped
prestrained SMA wires placed inside stretched and unstretched layers of thermal elastomer [31]. Periodic
locomotion by exploiting the stored elastic strain energy was achieved by fabricating a curved soft silicone
structure embedded with an one-way SMA wire [32]. Additionally, the usefulness of such actuator was
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demonstrated by validating the FEA model with experimental data. A few earlier works have fabricated
multi-state/multi-layer SMA/SMP composites or shape memory composites (SMC) from epoxy resins and
prestrained SMA wires [33–38]. Although these studies employed analytical modelling or experimental val-
idation to demonstrate the applicability of the design, fabrication procedures and complicated numerical
models restricted its usability to complex designs. Recent work fabricated a reversibly actuated SMC by
using FDM methods and demonstrated favourable actuation based on experimental results by varying the
volume fraction of SMA in the SMP matrix [39].
Most of the above mentioned soft robotic designs employ SMA actuator surrounded by material such as
silicone, Polydimethylsiloxane, rubber, etc., with low elastic modulus to provide bias force and store elastic
energy. On the other hand, there is a lack of soft actuators exploiting the variable stiffness of SMP due to low
recovery force, thermal conductivity and complex fabrication. By having complementary stiffness behaviors
between SMA and SMP, periodic actuators can be devised by having SMP as energy storing element and
SMA as high energy density actuator. In comparison to other actuators, this union can be programmed
to different configurations, employs fewer drive elements and array of them can form multimodal robots.
Most of the fabrication methods of SMP in the literature involved either molding or complex in-house
extrusion techniques. Further, there is lack of research in building a soft robotic design model combined
with commercially available FEA softwares. In spite of the availability of the design based on commercially
available simulation softwares, there exist a gap in research that proposes model workflow to implement in
further morphological analysis. Moreover, a few of these researches emphasize the importance of studying
the viability of periodic actuation of such actuator. Based on the key findings from the literature, this study
proves to achieve the following objectives in designing soft shape memory composite actuators.
In this study, a bending SMA-SMP soft actuator is fabricated by using additive manufacturing technique
and physical metallurgical process. A prestrained SMA wire with memorized U-shape is placed inside SMP
matrix with memorized flat shape to achieve bi-state actuation and SMA is activated by Joule-heating meth-
ods. A multiphysics FEA is built to effectively harness the dynamics of the system for periodic actuation.
In order to model the behavior of the bi-state actuator, the thermo-mechanical properties of SMA and SMP
are characterized by conducting different thermo-mechanical tests. The proposed actuator is modeled in the
FEA software COMSOL Multiphysics, version 5.5 [40], for predicting the maximum mid-point deflection
and experimental studies are compared for validating the simulation model. Material characterization and
concept actuation are introduced for devising a soft robotic design model in COMSOL Multiphysics. The
variation in maximum and recovered deflection is also studied by varying the volume ratio of the SMA wire
in SMC. Further, the viability of the proposed SMC as a periodic actuator is evaluated by exploting the sim-
ulation model. The preliminary study of such composite actuators helps us to understand its application in
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mimicking rudimentary motion like inching by providing variable friction pads as feet. Further development
of such periodic composite actuator can be applied as limb actuators in mobile soft robots like quadrupeds
or hexapods. This field can expand its application in developing autonomous soft mobile robots that can
navigate easily in an unknown environment.
The thesis will be structured as follows, Chap. 2 discusses the actuation mechanism of the SMC by
describing the theoretical actuation of SMA and SMP; Chap. 3 explains the fabrication and material
characterization process of SMC; Chap. 4 discusses about simulating the SMC in COMSOL Multiphysics to
obtain the deflection of the actuator with respect to temperature; Chap. 5 validates the results of periodic
actuation model (in COMSOL Multiphysics) with results from physical actuation of the SMC; and Chap. 6
provides conclusive evidence that the proposed FEA model describes the behavior of SMC.
4
CHAPTER 2
SHAPE MEMORY AND ACTUATION MECHANISM
Shape memory materials are intriguing materials characterized by the ability to undergo large spatial
deformation under applied load and regain its predetermined original ”memorized” shape with appropriate
stimulus [41]. Most of the commonly available SMP and SMA undergo temperature induced transformation
to exhibit shape memory behavior. The thermo-mechanical cycle consisting of heating, loading, unloading,
cooling and back to heating proceeded in a certain order results in shape memory cycle or shape memory
effect. The following sections illustrate such phenomenon in detail for shape memory alloy and shape memory
polymer.
2.1 Theoretical actuation of SMA
Following section discusses the theoretical actuation of SMA by understanding the concepts from Lagoudas
ed. (2008)[14]. The shape memory effect was observed since 1932 in alloys like CuAlZn, AuCd, NiTi, NiTiCu,
etc. but the commercial significance of NiTi based alloys in pipe coupling application was brought by US
Naval Ordnance Laboratory in 1972 [42]. Later due to the characteristics of high power density, biocom-
patability, corrosion-resistance, silent operation and ability to shape in different form factors influenced its
application as actuators in robotics and medical field. The SMA can commonly exhibit one-way shape
memory (one parental predetermined shape) or two way shape memory (two parental predetermined shape).
Understanding the microstructural transformation of SMA is crucial to perceive its macroscopic shape mem-
ory behavior as an actuators.
The SMA has two different phase constitution i.e., Martensite (M) and Austenite (A), based on its tem-
perature. Some SMA also contain an intermediate R-phase based on its alloy composition but usually are
neglected owing to its undergone infinitesimal strain. The behaviour of the alloy depends on the phase gov-
erned by four tranformation temperatures viz., Martensite start(Ms), Martensite finish (Mf ), Austenite start
(As) and Austenite finish (Af ). It exhibits pseudoplastic (shape memory) property at lower temperatures
and pseudoelastic (superelastic) property at higher temperatures. The SMA undergoes phase transformation
during heating process and possesses hysteresis behavior on cooling. During the heating process when SMA
reaches As temperature, it begins to transform phase from Martensite to Austenite. The SMA completely
transforms to Austenite once the Af temperature is reached and exhibits pseudoelastic property. While
cooling when SMA reaches Ms temperature, it begins to transform phase from Austenite to Martensite. The
SMA completely transforms to Martensite once the Mf temperature is attained and exhibits pseudoplastic
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property. Below Mf temperature, the SMA displays the presence of twinned (stress-free) and detwinned
Figure 2.1 Shape memory cycle of SMA (coloured blue dictated by arrows) shows the process of loading (1-2),
unloading (2-3), heating (3-4), and cooling (4-1) along with corresponding phase. Pseudoelastic behaviour
of SMA (coloured red) shows the process of loading and unloading along with coresponding phase of the
SMA (Based on Lagoudas ed.(2008)[14])
(stress-induced) Martensitic structures dictated by corresponding critical stress. Detwinned Martensitic
structure induces permanent residual strain in the material which can be recovered on heating above Af .
Shape memory cycle of SMA is shown in Figure 2.1. The SMA is loaded until detwinned Matensitic struc-
ture is formed with macroscopic deformation. When the material is unloaded, the elastic strain is recovered
leaving large residual strain in the material. The residual strain is recovered only when SMA is heated above
Af undergoing complete phase transformation to parent Austenitic structure and memorized shape. As
shown in Figure 2.1, the pseudoelastic property of SMA is obtained when the material is in parent Austenite
phase. As the material is loaded, it undergoes elastic deformation until the critical stress of Martensite start
(σMs) is reached. Then the stress response changes during the transformation from Austenite to Martensite
(detwinned) until critical stress of Martensite finish (σMf ) is attained. Further loading causes elastic defor-
mation with different stress response in the transformed martensite phase. Unloading causes the material to
respond elastically until critical stress of Austenite start (σAs) is reached. The stress response changes and
material undergoes transformation from detwinned Martensite to Austenite until critical stress of Austenite
finish (σAf ). The material recovers all of the underwent deformation upon complete unloading in the parent
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Figure 2.2 Phase plot of Critical Stress with respect to Temperature for SMA - Slopes of the curves represent
the stress influence co-efficient with respect to temperature (Based on Lagoudas ed. (2008)[14])
austenite phase. A complete understanding of the thermo-mechanical response of the SMA can be obtained
from phase plots (stress vs temperature) as shown in Figure 2.2. The phase plots defines the transforma-
tion temperatures at corresponding stress or vice-versa. It also provides the stress influence co-efficients
(CM and CA) required for understanding the change in critical stress with respect to temperature. Various
thermo-mechanical constitutive models incorporate these parameters to aid the design of such actuators.
Figure 2.3 One way actuation of prestrained SMA without a biasing element - (a)-(b) SMA is prestrained
from its memorized shape, (b)-(c) SMA is heated above the Af to recover its memorised shape and (c)-(d)
SMA cools in its memorised shape without a biasing element
7
Physical component critical to the design of such actuators is the biasing element usually present in series
with the SMA. Figure 2.3 depicts the one-way actuation of a prestrained SMA without a biasing element.
This biasing element in the mechanism is more common in one-way actuating SMA to amplify force, stroke
length and promote periodic actuation. Springs are used in many linear actuators as antagonistic element
to deform the SMA as it cools back from parent phase. Some design considers inherent monolithic structure
to act as a biasing element for the SMA actuators. The SMA actuators can be heated by different methods
to undergo phase transformation. Easier method is by utilising an external heat source like heat gun or
light source to irradiate the surface of SMA. This is by far the clean way to heat the alloy but suffers from
non-uniform heating, controllability and flexiblity of usage. Electric current facilitates the heating of SMA
either by directly attaching a power supply or by blanketing the SMA with resistance or heating coil. This
method is known as Joule heating method which exploits the resistance heat loss of SMAs. It is largely used
in the presence of thin cross-section SMA element as it is inefficient to heat a lesser resistive element. The
main advantage of having Joule-heating method is its controllablity and implementation in the system.
2.2 Theoretical actuation of SMP
Thermally responsive SMP are extensively studied in the past decade to identify new mechanisms exploit-
ing the shape memory and stiffness modulation property of the SMP. Specifically, the vitrification process
of SMP enables it to hold numerous intermediate shape while being able to remember one or more pre-
determined ”permanent” shape. Polyurethane based SMPs are most commonly available and researched
SMP material due to their economic cost and production. Other composition of SMP includes the polyhe-
dral oligosilsesquioxane based, polylactic acid based, poly L-lactide based, etc., biodegradable compositions
[43]. The fundamental characteristics of SMP to change its mechanical properties and recover large strain
in response to temperature makes it attractive to be used as sensors and actuators for application ranging
from biomedical rehabilitation devices to smart wearables [44]. The theoretical actuation of SMP provided
here is based on the concept presented in Hu et. al.(2017) [17]. In order to understand the macroscopic
behaviour of SMP in response to thermal stimuli, it is important to study the parameters influencing the
phenomenological thermo-mechanical behavior.
The SMP material have two different phases i.e., hard glassy phase and soft rubbery phase based on its
temperature. The SMP can have one-way or multi-way shape memory actuation exhibiting elasto-plastic and
viscoelastic thermomechanical behavior. The glass transition temperature (Tg) of the SMP is the temperature
around which glassy phase transforms to rubbery phase or vice-versa. Typical programming method for the
SMP material proceeds with loading or constrained shape setting at high temperatures. The shape memory
cycle of the programmed SMP is obtained by deforming the material at high temperature and recovering
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Figure 2.4 Shape memory cycle of a programmed SMP dictated by arrows is depicted here with the process
of heating (1-2), loading (2-3 coloured red), cooling(3-4), unloading (4-5 coloured green), and heating back
(5-6) to recover the stored inelastic strain (Based on Hu et. al.(2017) [17])
the stored deformation during cooling by stress-free heating as illustrated in Figure 2.4. Figure 2.5 depicts
the actuation behavior of one-way SMP under different loading conditions exhibiting viscoelastic behavior
in rubbery phase and inelastic strain recovery on heating above Tg. Initially when the material is heated to
a temperature higher than Tg, it transforms to rubbery phase and undergoes thermal expansion. It is then
subjected to maximum deformation by applying load at same temperature. While fixing the applied load, the
material is cooled to a temperature lower than Tg. The underwent deformation is stored as inelastic strain
as the material transforms to glassy phase. The applied load is then released to restore any elastic strain.
Finally, the programmed shape is regained in a stress-free condition by heating the material to a temperature
higher than Tg thereby recovering the stored inelastic strain. The material stays in its memorised shape
when it is cooled back to temperature lower than Tg. The SMP can store and release strain energy when it
is rubbery ”soft” phase and adds rigidity to the structure by the fixing the shape when it is in glassy ”hard”
phase.
The FDM technique can be considered to undergo the shape memory cycle shown in Figure 2.4 [17]. The
layer-by-layer printing process is initiated by extruding the filament material at set high temperature. The
speed of nozzle combined with adhesion of the fiber to the bed/layer below causes continuous deformation
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Figure 2.5 One-way SMP actuation behavior - SMP exhibits viscoelastic behavior when loaded and unloaded
in rubbery phase to recover the shape and exhibits inelastic strain recovery when cooled to room temperature
with the load before heating above Tg
in the extruded filament at high temperature. The stretched fibres are held fixed by adjacent layers as it
cools down and stores inelastic strain. Lastly, the material is unloaded as the component is removed at the
end of printing process. The amount of prestrain present in each layer increases from the bottom layer.
Motion of the heated nozzle over each printed layer recovers a part of the stored prestrain. This results in
a strain mismatch between the layers and produces a functionally graded component. The illustrated steps
show that the FDM fabrication technique can be considered to undergo the aforementioned shape memory
cycle. In this study, the mechanical programming of SMP is implemented by FDM technique to fabricate
flat memorized structures with minimum prestrain to exploit the viscoelastic behavior of SMP.
2.3 Theoretical actuation of SMC
The design and fabrication of the SMC for periodic actuation is governed by the location of the trans-
formation temperatures of SMA and SMP. As these materials are so called programmable materials, their
transformation temperatures can be fashioned in a way to suit a particular behavior of SMC. This study pro-
grams the SMC to have Tg < Mf in order to possess bi-state condition with single one-way actuating SMA
and SMP. Figure 2.6 shows the variation of the elastic modulus for increase in temperature for both SMA
(red region) and SMP (blue region). The SMC is designed in such a way to exploit the stiffness modulation
of SMP and shape memory of SMA. The SMP can be made solid at room temperature to offer stiffness to
the malleable SMA which has lower load bearing capability. The shape memory of SMA can be achieved by
making the surrounding SMP soft in order to store elastic deformations. At higher temperatures, the SMA
can act as a load bearing element as it transforms to Austenite phase to support the softened SMP. As it
can be seen from Figure 2.6, the Tg of the SMP should be as low as possible relative to Mf of SMA for
the desired behavior to occur. Nevertheless, it should not be close to room temperature as SMP loses the
rigidity offered to the otherwise soft SMA in the structure. Apart from the transformation temperatures,
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the flexural stiffness and adhesion between SMA and SMP plays a critical role for the desired behavior.
Figure 2.6 Complementary behavior of SMA and SMP dictating the periodic actuation obtained from vari-
ation in stiffness with respect to temperatures (not to scale)
The proposed actuation mechanism is based on the work presented by Taya et. al.(2013) [45]. The
periodic two-way actuation of the SMC is realized by exploiting the hyper-visco elastic nature of SMP
to store and dissipate strain energy and memorized shape of both SMA and SMP. Figure 2.7 depicts the
periodic working mechanism of the SMC due to phase transformation and relative stiffness. The SMA has a
memorized U-shape and SMP has memorised flat shape. The U-shaped SMA is prestrained by making it flat
and placed in the SMC. At room temperature as the SMP is in memorized flat shape, the SMC will remain
flat. As the temperature is increased, the SMP transforms to rubbery phase and becomes soft. When the
temperature of SMC reaches As, the SMA undergoes phase transformation from Martensite to Austenite and
starts to recover its memorised U-shape. This induces strain in SMP and the strain energy is stored during
Figure 2.7 Schematic diagram of periodic actuation of the SMC obtained by undergoing sequence of phase
transformations due to temperature variation and relative stiffness of the SMA and SMP
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the entire SMA transformation. When the SMC starts to cool, the rubbery phase SMP releases the stored
strain energy and work against the stiffness of austenitic SMA. The deformed geometry of SMC remains the
same for temperature Tg < Ms < T as the SMP cannot overcome the stiffness of austenitic SMA. On further
cooling to temperature Tg < T < Ms, the SMA starts to transform from Austenite to Martensite thereby
becoming soft. The antagonistic SMP can now work against the stiffness of the SMA in order to recover
its memorized flat shape. The shape recovery occurs only till the rubbery phase gets transformed to glassy
phase when the temperature falls below Tg. The process is repeated again to achieve periodic actuation by
exploiting the shape recovery of stiff SMA and storing elastic energy in rubbery SMP. The design of such
SMC is effective as the complementary behavior of SMA and SMP circumvents the presence of external
biasing elements. It is valuable to note that the strain recovery rate of SMP which dictates the ability of the




FABRICATION AND MATERIAL CHARACTERIZATION
The fabrication of SMC using additive manufacturing techniques and physical metallurgical process is
explained in this section. In order to simulate and validate the FEA model, certain intrinsic parameters
of the SMC needs to be determined. The following section also provides a detailed explanation of the
characterization procedure of the SMC.
3.1 Sample preparation
The popular choice of off-the-shelf SMA has material constitution of Cu-Al-Ni or NiTi and possess
geometries like wires, ribbon, pipes, foils, etc. A NiTi based SMA wire, 0.31mm in diameter, Dynalloy
Inc. is used in this study. The as-received SMA is cut into two pieces of desired length to shape set the
curvature using heat treatment techniques. One of the heat treated specimen cut to the desired length is
used for determining the transformation temperatures from Differential Scanning Calorimetry (DSC). The
other specimen is utilised for fabricating the SMC.
Figure 3.1 (a) DMA test sample dimensions - raster orientation is along the longitudinal length of the beam
(shown in red) with 100% infill, and (b) Tensile test sample according to ASTM D638 Type I - raster
orientation is along the longitudinal length of the beam (shown in red) with 100% infill
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Polyurethane based SMP 3D filament of 1.75mm diameter, SMP Technologies Inc., is used in this study
for rapid prototyping. The FDM printer, Cetus MK3 Extended by Tiertime Technology with build volume
of 180mm x 180mm x 280mm, is employed to fabricate the specimen. The printer is set with 0.4mm diameter
nozzle having extrusion temperature of 210◦C and scanning speed of 20mm/s with 40◦C bed temperature.
As the behavior of 3D printed specimen is sensitive to raster orientation and possess anisotropy [17], the
raster orientation is chosen by using the slicer, SciSlice, to be either along the longitudinal or transverse
direction with layer height of 0.3mm. Figure 3.1 shows the sample dimension and printing orientation for
the SMP material characterization process. The phase transition behavior and viscoelastic nature of the
SMP is obtained by performing the Dynamic Mechanical Analysis (DMA). The test is performed on three
beam-like samples having average dimensions of 10mm length x 2.98mm width x 1.42mm thick with 5 layers
of 100% infill and raster orientation along the longitudinal direction. In order to characterize the mechanical
elastic properties of the 3D printed SMP like Young’s Modulus, E and Poisson’s ratio, ν, uniaxial tensile
tests are performed according to the ASTM D638 Type I [46] standard’s geometry and sample dimensions.
Four dog-bone specimens having 23 layers of 100% infill with liquifier movement along the gauge direction
is fabricated and arithmetic mean values from them is recorded.
3.2 Shape setting and characterization of SMA
Most of the commercially available SMA actuators are pretrained to memorize a particular geometry. The
parent phase of such actuators can be reprogrammed by the process of shape setting. In order to program
the required curvature of the SMA wire in the parent phase, heat treatment is performed. This process
influences the transformation temperatures of the alloy and effective memorized curvature. The as-received
alloy wire is in Martensite state with memorized straight shape at Af of 70
◦C. The following steps illustrate
Figure 3.2 NiTi SMA wire shape set to the required radius of curvature 40mm using a calcium carbide block
the shape setting process of alloy wire, similar steps are executed for shape setting different form factors.
First, the alloy is heat treated at 480◦C for 12 hours to release any residual stress and quenched immediately
to achieve the soft Martensite phase at room temperature. The schematic diagram of the shape setting
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process of SMA is presented in Figure 3.3. Then, it is set to the required radius of curvature, 40mm, with
the help of a metal fixture or calcium carbide block as shown in Figure 3.2. Finally, the setup is placed in
Figure 3.3 Schematic shape setting procedure of a NiTi SMA wire - (a) Properly fix the SMA wire on the
calcium carbide or metal fixture to the desired curvature, (b) Heat the furnace upto 510◦C and then place
the specimen inside for 10 minutes, and (c) Quench the heated specimen immediately in water at room
temperature to reorient the crystal structure. Repeat the above steps 6 to 8 times.
the furnace at 510◦C for about 10 minutes and immediately quenched. This reorients the crystal structure
and programs the required curvature at parent Austenite phase. The latter step is repeated atleast 6 to 8
times to uniformly shape set the alloy. The shape set procedure of the SMA alters the zero-stress phase
transformation temperatures. The phase transformation temperatures of the shape set NiTi SMA specimen
Figure 3.4 DSC of the NiTi SMA wire depicts the transformation temperatures by intersecting tangents to
the peak, As at 56.99
◦C, Af at 74.48
◦C during heating cycle (coloured blue) and Ms at 66.42
◦C, Mf at
45.67◦C during the cooling cycle (coloured red)
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is obtained from Differential Scanning Calorimetry (DSC). The prepared sample is kept inside a crucible in
the form of wires is analyzed for temperatures between -35◦C to 200◦C at the rate of 10◦C/min using the DSC
instrument (Mettler Toledo DSC3). The plots from the DSC testing, shown in Fig. Figure 3.4, provides the
phase transformation temperatures obtained during heating and cooling. Here, As is obtained as 56.99
◦C,
Af as 74.48
◦C during heating and Ms is obtained as 66.42
◦C, Mf as 45.67
◦C. Due to limitation on testing
capability, properties like thermal conductivity, resistivity, stress gradient with respect to temperature, are
obtained from the literature.
3.3 Characterization of SMP
The DMA is performed using the DM analyzer (Mettler Toledo TT-DMA). The test is setup with
1Hz frequency of force oscillation and sample is heated at the rate of 2◦C/min from 25◦C to 120◦C. The
temperature dependent viscoelastic property like storage modulus (E′) and phase lag (tan δ) obtained from
DMA test are shown in Figure 3.5. The E′ provides the elastic energy response of material and tan δ indicates
the ratio between energy dissipated as heat and energy stored elastically. As it can be seen from Figure 3.5,
Figure 3.5 SMP viscoelastic properties and phase transition behavior from DMA test- (a) storage modulus,
(b) phase lag, tanδ. Glass transition temperature, Tg at 46.83
◦C, is the peak of the phase lag curve (shown
by red dash line)
the storage modulus drastically reduces from 158 MPa in glassy phase to roughly two orders of magnitude less
at 0.3 MPa in rubbery phase. The maximizing temperature of tan δ function represents the glass transition
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temperature, Tg of the SMP which in this case is attained at 46.83
◦C. The tensile tests are executed on
MTS 9 Landmark (MTS Testing Solution) fitted with 250kN load cell and mobile heating chamber. Three
samples each were utilized for performing the test at room temperature and high temperature of 70◦C. The
average material properties obtained from the tests are reported in Table 3.1. It can be seen that the Young’s
modulus of SMP in rubbery phase increases three orders of magnitude upon transformation to glassy phase.
Further, the Poisson’s ratio of SMP increases from 0.41 in glassy phase to 0.48 in rubbery phase displaying
the increase in incompressiblity of the SMP. Due to the limitation on testing capability, the thermal transport
properties, such as thermal conductivity and specific heat capacity at constant pressure, required for the
COMSOL model is obtained from the literature.
Table 3.1 Young’s modulus and Poisson’s ratio of 3D printed SMP
Property Glassy phase Rubbery phase
Poisson’s ratio, ν 0.41 0.48
Young’s Modulus, E 1668.1 [MPa] 1.64715 [MPa]
3.4 Fabrication of SMC and Experimental setup
In this study, the SMC is fabricated to test and validate the model of periodic actuation by having
a U-shape set SMA in a SMP matrix. Figure 3.6 depicts the process of fabricating the SMC. First, the
SMA is prestrained to a straight shape using a mandrel or wire straightner. Care must be employed while
prestraining as it affects the recovery behavior of SMA. The SMP matrix is sliced by having 0.3 mm layer
thickness, nozzle temperature of 210◦C and printing speed of 20mm/s. In order to place the prestrained
SMA wire, the middle layer is modified to have a groove along the length with width equal to diameter of
the wire. The generated gcode has the provision to stop in between the print in order to place the wire.
The prestrained SMA wire is placed and reassured to be flushed with the printed surface. The print is then
resumed to finish the rest of SMP layers.
Figure 3.6 Schematic fabrication process of SMC - Prestrain the SMA wire from its memorised U-shape
using a mandrel or straightner (a)-(b), 3D print SMP layers until the layer with grooves for placing the
prestrained SMA (c), and 3D print the rest of SMP layers (d)
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In order to test the concept of actuation mechanism and validate the COMSOL Multiphysics model, a
sample of 80mm length x 10mm width x 1.2mm thick in dimension is fabricated using the above mentioned
3D printing setup. Figure 3.7 shows the labelled picture of the fabricated SMC along with connecting wire.
The U-shape set SMA wire is prestrained to a straight shape and placed inside the SMP matrix. The ends of
the SMA wire are crimped to connect to the power source (Dr.Meter PS-3010DF). The deflection is captured
using Pointgrey Grasshopper MV camera and temperature is monitored using Optris PI450 IR camera. The
fabricated SMC is placed on ground and constant output current of 2.2A is provided by the power supply to
heat the SMA using Joule heating to above Af temperature. The power supply is then turned off to decrease
the temperature of the SMC. The deflection data with respect to time is obtained using the snapshots from
the MV camera.
Figure 3.7 Labelled picture of the fabricated SMC with SMA wire shape set to 40 mm radius of curvature




The design of SMC actuator is carried out in the commercial FEA software, COMSOL Multiphysics, by
simulating time-dependent studies. The applicability of the design workflow is demonstrated in COMSOL
by running actuator’s multiphysics interaction and capturing deformations.
4.1 Thermomechanical constitutive model
This section explains the thermo-mechancial constitutive model of both SMA and SMP based on the
literature. The corresponding constitutive model is implemented or utilized in the FEA softwares as the
necessary governing equations.
4.1.1 Shape memory alloy
The Lagoudas ed. (2008)[14] thermomechanical sub-routine of the SMA implemented in the Nonlinear
Structural Materials Module of COMSOL Multiphysics [47] is utilized for defining the phenomenological
behavior of the SMA domain. A brief summary of the model is provided for the sake of comprehension of
the setup.
The constitutive model obtains input temperature field T , total stress tensor σ and additional model
parameters to calculate the explicit form of Gibbs free energy density, G(σ, T, ǫtr, ξ), given as,























where u0 and s0 are the specific internal energy and entropy at reference temperature, ǫtr and ǫth are the
transformation and thermal strain tensors, S is the compliance matrix, ξ is the martensitic tranformation
direction and c is the heat capacity at constant pressure. The evolution of transformation strain, ǫtr, is
expressed in terms of martensite volume fraction as,
ǫ̇tr = ∧ξ̇ (4.2)
where ∧ is transformation tensor that alters the principal direction along martensitic transformation for the
given maximum axial transformation strain H. The phase transformation kinetics is provided by the strain
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(4.3)
where bM , bA, µ1 and µ2 are parameters calculated using ∆s0, ∆u0 and corresponding transformation
temperatures
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Ms, Mf , As and Af
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The constitutive relationship between total stress and total strain in agreement with the Second law of
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The model parameters obtained from DSC testing and literature are provided in Table 4.1. These parameters
are necessary to define the required thermo-mechanical behavior of COMSOL.
Table 4.1 Model parameters required for setting up COMSOL Multiphysics simulation - NiTi SMA [42]
parameters with DSC testing data
Physical Property Value [units]
Density, ρ 6.45 [g/cm3]
Martensite start temperature, Ms 66.42 [degC]
Martensite finish temperature, Mf 45.67 [degC]
Austenite start temperature, As 56.99 [degC]
Austenite finish temperature, Af 74.48 [degC]
Stress influence co-efficient, CA,M 10 [MPa/degC]
Maximum axial transformation strain, H 0.056
Poisson’s ratio, νSMA 0.33
Young’s modulus of Austenite, EA 78 [GPa]
Young’s modulus of Martensite, EM 28 [GPa]
Specific heat capacity at constant pressure, c 0.2 [cal/g/degC]
Thermal conductivity, k 0.18 [W/cm/degC]
Electrical conductivity, κ 1 [MS/m]
4.1.2 Shape memory polymer
The constitutive relationship model for phase transformation behavior based on irreversible thermody-
namical process provided in Bodaghi et al.(2019)[24] is reviewed here. The total strain, ǫ, based on additive
strain assumption is provided as,
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where α is the thermal expansion co-efficient for thermal strain, ǫT , ǫin is the total inelastic strain, ǫr and ǫg
denotes the elastic strains in the corresponding phases and ξg is the volume fraction of glassy phase in the
SMP. The volume fraction of glassy phase, ξg, at a given temperature, T , is represented as trigonometric
functions and DMA test fit parameters.
ξg = −
tanh (uTg − vT ) − tanh (uTg − vTh)
tanh (uTg − vTh) − tanh (uTg − vTl)
(4.7)
where u and v are DMA test fit parameters, Th and Tl are the highest and lowest temperatures of fit data
and Tg is the glass transition temperature of SMP. The total stress vector, σ, from Helmholtz free energy
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The evolution of inelastic strain in the SMP when the material cools from rubbery phase to glassy phase or





ǫin, for Ṫ > 0
ξ̇gǫr, for Ṫ < 0
(4.10)






















g and I is the Identity matrix. This provides a
linear thermo-mechanical constitutive model for glassy and rubbery phase given as,
σ = Ceq
(

























, µ = 1 Ṫ < 0
(4.14)
The calibrated parameters for the trigonometric function of ξg obtained from fitting DMA test data are
provided in Table 4.2. The modelling parameters are provided as input in the COMSOL external material
subroutine.
Table 4.2 Model parameters required for setting up COMSOL Multiphysics simulation - SMP phase trans-
formation parameters from DMA testing data and other modeling parameters [37]
Parameter Value
Fitting co-efficient, u 0.1975
Fitting co-efficient, v 0.234
High temperature of DMA, Th 119.1 [degC]
Low temperature of DMA, Tl 25.9 [degC]
Glass transition temperature, Tg 44.59 [degC]
Room temperature, Tr 26 [degC]
Specific heat capacity, c 232 [J/kg/K]
Thermal conductivity, k 0.2946 [W/m/K]
4.2 Finite Element Model
The geometrically nonlinear multiphysics interaction of the SMC is modeled in COMSOL to study com-
plex deformation and acts as a tool to support the design workflow of such complicated systems. The
general overview on the complex multiphysics interaction of SMC is illustrated in Figure 4.1. The physical
interaction in the model are governed by electric current, heat transfer and structural mechanics module in
COMSOL Multiphysics. The input power is modeled as current source using the electric current interface.
The input current generates heat due to resistance, R, of the SMA. This increases the temperature of the
SMA which in turn would be affected by the conductive heat loss at the boundary of SMA and SMP. The
phase fraction of martensite, ξ, governing the recovery strain changes as a function of temperature. The
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recovery strain in turn produces recovery force that acts on the polymer and deforms the polymer while
undergoing transformation. The temperature of the SMP is influenced by the heat gained through thermal
conductivity, k, and specific heat at constant pressure, Cp. As the SMP is in contact with the environment,
some portion of the heat gained from SMA is lost due to natural convection with convective heat transfer
co-efficient, h. The resulting temperature of the SMP governs the volume fraction of the glassy phase, ηg.
The strain due to deformation and ηg produces corresponding stress in the SMP through the constitutive
relations. The constitutive relationship of the SMP domain needs to be provided as an external stress-strain
subroutine to COMSOL, similar to the procedure illustrated in Bodaghi et al. (2019)[24].
Figure 4.1 Multiphysics interaction of SMC in COMSOL
4.2.1 Model setup and boundary conditions
The schematic flowchart procedure to model the SMC in COMSOL Multiphysics is depicted in Figure 4.2.
The model parameters from Table 3.1 and Table 4.1 are initialised as the input global parameters. The user-
defined material subroutine is programmed using C language and compiled as dynamic link library to be
provided as the external material model in COMSOL Multiphysics. The general stress-strain relation socket
of the external material module is chosen, as the entire constitutive relations is programmed along with
calculation of inelastic strain. The socket requires second Piola-Kirchoff stress tensor and Jacobian update
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to be returned as output in order to solve the structural mechanics problem. Properties like density, specific
heat capacity and thermal conductivity are added using the Basic property group. The SMC geometry is
build as shown in Figure 4.3(a) using the input geometric parameter values. The SMA and SMP domain are
explicitly labelled and a contact pair definition is created to define the interface between the SMA and SMP
domain. A work plane is defined in the midpoint of length of the composite in order to have localized bending
deformation in the SMC. The SMA wire geometry modeled with square cross-section having straight shape
is embedded at the center of the flat SMP geometry. Continuity pairs are created at the interface between
the two domains with the assumption to establish continuity in strain and temperature without causing
delayering. Separate variables are initialized to calculate the average temperatures of SMA and SMP domain
using the average feature of component couplings in COMSOL Multiphysics. The solid mechanics physics is
added with SMP defined using external stress-strain relation attribute and SMA is defined using the shape
memory alloy material model. The SMP material model is operated in the additive strain approximation
and SMA material model is forced to be operated in small strain region for faster convergence. The thermal
strain in SMA and SMP domain are neglected as it would be negligible in comparison with the actuation
strain [37]. The permanent shape of the SMA wire is provided in the form of initial strain as a function
of temperature. Therefore, when As is reached, the initial strain ramps up to the shape set bending strain
upon complete transformation at Af . The bending strain for U-shape set SMA of 35mm radius of curvature
is provided by the Initial Strain feature of Shape memory alloy material module. A heat flux boundary
condition is added to the peripheral of the SMP to solve for convection to atmosphere. Finally, the electric
current interface is modeled with appropriate terminal boundary condition. Figure 4.3 depicts the overall
geometry, mesh, and boundary conditions. The SMC is modeled as a beam having pin support on one
end of the SMA domain and roller support on the other end as the boundary conditions. The governing
multiphysics in COMSOL, automatically generates finer mesh for both SMA and SMP domains.
A state machine is setup using the events interface to switch between the heating and cooling cycle by
monitoring the average domain temperature of SMA. Discrete variable are initialised in the events interface
to flip the model inputs between heating and cooling cycle. The SMA domain is conditioned to not exceed
100◦C during heating and go below 30◦C during cooling by having two indicator states (Turn on and Turn
off) defined within the events interface. As the overall time taken to achieve 100◦C during heating or 30◦C
during cooling is not known in advance, implicit events are created to trigger the condition satisfied by
the indicator states. Two implicit events are defined as Turn on > 0 and Turn off < 0, to flip the model
inputs. The implicit event, Turn off < 0, of the state machine is provided as the stop condition for the time
dependent solvers. The studies are done to obtain the displacement of the midpoint over heating and cooling
cycles in order to compare with the experimental results. The time dependent study has segregated solver
24
Figure 4.2 The schematic flowchart demonstrating the steps taken to model and simulate the design of
multiphysics interaction for the SMC. Red lines (solid and dashed) shows the path taken by the segregated
time dependent solvers of COMSOL Multiphysics to simulate the periodic actuation of the SMC
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that solves for each physics sequentially in the order shown in Figure 4.2. The solid mechanics solver calls
the external material model during each iteration to solve for stress and Jacobian update. The deformation
profiles obtained from study are exported as text files for additional post-processing and creation of plots.
Figure 4.3 (a) Overall dimension of the COMSOL geometry with SMA domain modeled as a wire having
square cross-section of 0.31mm x 0.31mm, (b) Physics controlled mesh, (c) Roller boundary condition at one
end and pin support boundary condition at other end of the SMA domain
In order to validate the model, the SMA domain is supplied with 2.2A input current until the average
domain temperature reaches 100◦C and supply is turned off to decrease the temperature of the SMA to 30◦C
during cooling cycle. The heating and cooling cycle results for the study are obtained from the deflection
plots over time of the converged solution. In order to simulate periodic actuation, another discrete state
variable is initialised to count the total number of heating and cooling process. The time dependent solver
is stopped by creating another implicit event (count==5) that will be triggered at the end of five actuation
cycles. The overall deflection plots are exported and the values of maximum and recovered deflection at the
end of each cycle is recorded.
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Further, the effect of volume ratio of SMA on maximum and recovered deflection is obtained by creating
an additional geometry in COMSOL and following the above mentioned procedure. This is done by increasing
the number of SMA wires by placing them equidistant from the edges in the mid plane of the geometry. The
deflection plot obtained for each of the volume fraction is recorded and the values of maximum and recovered
deflection is reported. Finally, a theoretically optimised model is proposed to demonstrate complete shape




First of all, the bending stiffness of SMA and SMP domain needs to be roughly estimated in order to
interpret the actuation mechanism. Based on the model parameters provided in Table 4.1, the bending
stiffness of SMA wire can range between 21.54 N mm2 (I = 7.696 x 10−4 mm4 and EM = 28 GPa) in
martensite and 60.02 N mm2 (I = 7.696 x 10−4 mm4 and EA = 78 GPa) in austenite phase; bending
stiffness of SMP in rubbery phase can be 10.981 N mm2 (I = 6.667 mm4 and Er = 1.647 MPa) and
glassy phase can be 11114 N mm2 (I = 6.667 mm4 and Eg = 1667.1 MPa). As it can be seen that, the
relative bending stiffness and portion of the SMP softened by SMA largely influences the bending or recovery
characteristics of the SMC. Figure 5.1 provides the bending deformation during heating cycle obtained in
experimental specimen and COMSOL simulation. Due to the difficulty in capturing the mid-point deflection
from experiment, a segmentation algorithm [48] to scale the pixel length is implemented by taking the green
line in Figure 5.1(a) as 80mm. The height, H, is calculated from the scaled length between the red and
green line and recorded over time. It is apparent from Figure 5.1(a) that the experimental specimen deflected
initially at t = 1s during heating cycle but the deflection is not observed in the COMSOL model. It is due
to the fact that some portion of the SMA instantaneously undergoes phase transformation on application of
current whereas it takes longer time for the SMA domain in COMSOL to undergo the same transformation.
When the temperature of SMC reaches Af as shown in Figure 5.1(c), the SMA is unable to fully recover
to its memorized shape as it needs to work against the stiffness of SMP mostly in glassy phase. On further
heating to 100◦C, the volume fraction of the glassy phase SMP decreases in the SMC. Although the SMC
starts to settle at a particular deformation on further heating, additional portion of memorized shape is able
to be recovered by the austenitic SMA.
Figure 5.2 provides the mid-point deflection of the SMC over time for the experimental specimen and
deflection predicted by the COMSOL FEA model. It is noticeable that the prediction of COMSOL model
during phase transformation of SMA matches the experimental values. The FEA model settles for higher
value of deflection as larger volume fraction of SMP is softened. This can attributed due to the difference
between assumed and actual value of thermal conductivity of the SMP and environmental condition. It can
also be seen that the SMP is unable to recover its original shape due to the narrow difference in the trans-
formation temperatures and relative stiffness. The chosen SMP material has glass transition temperature of
44.59◦C which is closer to the Mf temperature of 45.67
◦C. This means that a portion of SMP would have
already transformed to glassy phase before the SMA becomes soft in martensitic phase. This provides the
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Figure 5.1 Comparison of the results obtained from experiment and COMSOL - (left side) Screenshots of
the fabricated SMC with calculated midpoint deflection (white line), H, at (a) t = 1s, (b) t = 1.4s, (c) t =
2.5s, and (d) t = 3.5s; (right side) Screenshots of the COMSOl temperature profiles along with deformation
obtained at corresponding times
Figure 5.2 Deflection of the mid-point of SMC over time obtained from experiment and COMSOL simulation
during heating and cooling cycle for 2.2A input current under isothermal domain assumption
SMP with little time to recover its memorised flat shape. The relative stiffness between SMA and SMP also
affects the shape recovery of SMP as the bending stiffness of SMP for the chosen sample in rubbery phase,
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10.981 N mm2, is less than that of the bending stiffness of SMA in martensite phase, 21.54 N mm2.
5.1 Periodic actuation
Figure 5.3 demonstrates the periodic actuation behavior of SMC with one SMA wire. The maximum
deflection is obtained in the first cycle and decreasing trend is obtained for subsequent actuation cycles. On
the contrary, the settled deflection at the end of cooling for each actuation cycle increases and saturates after
4 actuation cycles. This demonstrates the viability of the actuator for periodic actuation. It can be seen
from Figure 5.3 that the effective amount of actuation decreases for the given sample dimension. This shows
that the actuator is not viable for periodic actuation after 5 actuation cycles. This in turn is attributed to
the relatively lower stiffness of the rubbery phase SMP and the narrow gap of temperature value present
in between the Tg and Mf . The sudden decrease in the maximum deflection obtained for initial actuation
cycles is due to the fact that the prestrain stored in the SMP during the previous cycle is partially recovered
before the SMA transforms into austenite. This recovery happens till the SMA wire completely transforms to
austenite. The SMA is required to perform additional work to resist the shape recovery from inelastic strain
added along with the stiffness of the rubbery phase SMP. Appropriate geometric dimensions and material
parameters are critical in order to achieve periodic actuation, if not the SMC is prone to lose its longevity
and result in negligible actuation.
Figure 5.3 Maximum deflection of the SMC obtained during heating process (blue) and settled deflection of
SMC after cooling process (red) obtained for 5 periodic actuation cycles (from COMSOL simulation)
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5.2 Effect of increasing the volume ratio of SMA wire
Figure 5.4 shows the effect of increasing the volume ratio of SMA wires in the SMC on maximum and
settled deflection at the end of one cycle of actuation. It can be seen that there is a linearly increasing
trend of maximum and recovered deflection. The maximum deflection increases with addition of an SMA
wire because of the combined stiffness of two or more SMA wires in the SMC. It can also be seen that the
maximum deflection increase only about a millimeter on addition of two SMA wires. The effect of increasing
the number of SMA wires for the given geometry and radius of curvature provides negligible addition to the
deflection of SMC. Added to that, addition of SMA wires increases the recovery stiffness that needs to be
overcame by the soft rubbery phase SMP. Figure 5.4 shows that the deflection settled at the end each cooling
cycle increases for increased volume ratio of SMA. Therefore, for the given geometry, additional SMA wires
serves little purpose for effective actuation of the SMC.
Figure 5.4 Effect of increasing the volume ratio of SMA wires in the matrix on maximum and settled deflection
of the SMC at the end of one cycle of actuation (from COMSOL simulation)
5.3 Reflections from experiment
The shape recovery of the SMC is influenced by the difference between Tg and Mf temperatures. This
arises the need of optimization study to choose appropriate characterising temperatures. The low energy
efficiency of the SMA wire is also observed due to the presence of large hysteresis. This can be avoided by
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programming a SMA with low hysteresis to decreases the energy consumption. Although it is essential to
have a greater difference in temperature between Tg and Mf , there is an upper limit on the temperature
that SMP can be exposed before the breakdown of polymer chains. This is critical while choosing the
transformation temperatures of the SMA as it can save on the energy consumption as well.
Fabricating the SMC using additive manufacturing techniques and handling thin SMA wire requires care
and attention. It is worthwhile to mention that the SMP filaments are hydrophilic in nature and therefore
must be stored in dehumidifying chamber. The SMA wire needs to be slowly deformed along the plane of
bending without rotating the wire in order to achieve appropriate deformation. Care must be employed to
not create bumps as it might quite possibly destroy the subsequent printing layers. It is advisable to have
a fixture or jig to be accommodated with printing bed in order to make this process easier. Adhesion of
the SMA with SMP is important for proper force and heat transfer. Increasing the bed temperature will be
helpful but appropriate surface treatment methods are necessary for proper adhesion. Although the SMA
wire was placed along the plane of bending, it rotates inside the SMC on rare occasions due to inadequate
adhesion and non-uniform heating of the SMP. The extrusion process of 3D printing causes localised heating
of the SMA wire which can induce phase transformation. This is undesirable as it can damage the composite
while printing occurs thereby discarding the specimen. Therefore, firmly fixing the SMA wire using crimps
or fixture on the printing bed and separate cooling of wire can be helpful.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
The main objective of this research was to formulate a design workflow for developing bi-state shape
memory material composite soft actuator in COMSOL Multiphysics. This included understanding of the
shape memory properties and actuation mechanism, material characterization, model stup in COMSOL,
and proof of concept testing. The feasibility of the SMC is studied by (i) analyzing the shape recovery, (ii)
examining the longevity of the periodic actuation, and (iii) evaluating the effect of increasing the number
of SMA wires. The results shows that optimised selection of modelling parameters greatly influences in
achieving the above objectives. This section provides a conclusion for the study with the key findings that
were obtained along the way and future work that needs to be carried out to effectively apply in the field of
soft robotics and wearable technologies.
6.1 Key findings
The thesis presents an actuation mechanism capable of achieving periodic motion based on the comple-
mentary behavior of U-shaped SMA wire and 3D printed SMP beams. This is based on simple actuation
strategy controlled by electric current heating method. The feasibility of the design is validated through
experiments and simulations on COMSOL Multiphysics. It is found that the ability of SMP to store elastic
strain energy circumvents the necessity of having a biasing element for one-way actuating SMA. The relative
stiffness between SMA and SMP largely influences the bi-state condition of the SMC. This is important to
consider while designing such actuators because a large bending stiffness from SMA may cause delayering
of the specimen and loss in recovery shape of the SMP. Temperature distribution through heat transfer is
essential for achieving complete phase transformation of the SMP.
Furthermore, the viability of the periodic actuator studied through simulation shows higher deflection
during the first cycle of actuation as there is no stored inelastic strain present in SMP that needs to be
overcome by SMA. This is critical because in subsequent actuation cycles, the SMP loses its shape fixity and
displays negligible actuation. Although this serves to be a limitation on the periodic nature of the SMC, it
can be tuned by programming the SMP to have lower Tg and same order of bending stiffness as the SMA
wire. The effect of increasing the number of SMA wires in the SMC is considerable only for designs requiring
faster heating rate and larger deflection. This reduces the robustness of the actuator as it results in reduced
shape recovery of the SMP. Overall, the complex multiphysics interaction of the SMC presents a necessity
for numerical FEA simulation to aid the design of such actuators. The proposed COMSOL Multiphysics
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workflow can help reduce wastage of materials, accelerates the process of soft robotic design and provides a
breeding ground for further optimized design morphologies.
6.2 Future work
This thesis lays the foundation of preliminary work required to model a soft robotic actuator. Additional
work can be executed to model a more realistic simulation of the real-world operating conditions. The
COMSOL Multiphysics model can be exploited to the full extent by having non-isothermal assumption in
order to obtain a robust deformation profile. Rigorous experimental characterization testing can be performed
to obtain the thermo-mechanical properties of conductivity for SMP and stress-influence coefficient for SMA.
A strip or foil based NiTi SMA specimen can be utilised to circumvent the fabrication and heating problems.
Effective actuators having periodic longevity can be fabricated by utilizing the optimization module feature
present in COMSOL Multiphysics. Additional experimental testing is required to be conducted in order
to validate the optimized design from COMSOL simulation. Based on the thesis results, numerical FEA
simulation using COMSOL Multiphysics can accelerate the purpose of having simulation-based approach for
designing periodic soft actuators.
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